Neurons and circuits display a large repertoire of electrical activity, depending on how they are activated. Much of this striking adaptability is due to the tuning of intrinsic neuronal excitability and synaptic properties by neuromodulators. The term neuromodulation encompasses a diverse range of signaling phenomena. Historically, it was coined to distinguish slower and more diffuse forms of neuronal communication from classic fast synaptic transmission. However, timescale and anatomical range of release are so diverse that Katz (1999) found it easiest to define neuromodulation by a string of negatives, namely as "any communication between neurons, caused by release of a chemical, that is either not fast, or not point-to-point, or not simply excitation or inhibition." Neuromodulators are often thought to convey global brain or behavioral states, as exemplified by the effect of serotonin on mood, the effect of norepinephrine on sleep and wakefulness, or the role of other amines or neuropeptides in eliciting specific behaviors in invertebrates. However, the idea that large regions of the brain are at any time dominated by a single neuromodulator is hard to reconcile with the complexity of actions of a multitude of neuromodulators at the neuron and circuit levels. This SnapShot summarizes general principles of neuromodulation at the neuron and circuit level that were formulated from findings in a variety of invertebrate and vertebrate systems.
Every Stage of Neural Processing Can Be under Neuromodulatory Control Internal brain states are in constant flux, presumably reflecting modulator actions on a variety of timescales. Primary sensory transduction and electrical response properties of sensory neurons can be critically dependent on neuromodulation, regulating sensitivity and dynamic range of sensory coding. The way that incoming sensory information is processed by central circuits is modulated both at the level of local circuits and at the level of descending control on these circuits. Motor output can be modulated at the level of motor neuron firing, neuromuscular synaptic function, contraction coupling, and even muscle metabolism. Consequently, it is important to appreciate that one of the challenges in studying how modulators act on brain function is understanding the extent to which modulator action is coordinated at all levels of nervous system function.
Neuromodulators Are Released in a Variety of Ways
It can be useful to distinguish between extrinsic and intrinsic sources of neuromodulation. In the first case, the cells releasing neuromodulators are not part of the target circuit and therefore are not necessarily tied to the activity of it (although indirect feedback mechanisms may exist). Intrinsic neuromodulators are released from a member of the target circuit, and therefore the activity level of the modulatory neuron is directly tied to circuit activity. In either mode, a hallmark of neuromodulator release is that it is not necessarily tied to a 1:1 wired connectivity. Neuromodulators can be released diffusely in a paracrine fashion, a mode sometimes referred to as volume transmission. They can thus act as local hormones, affecting multiple target cells and multiple cell compartments. If released into the circulatory system or the cerebrospinal fluid from multiple sources, they can exert effects with a wider anatomical range. Different concentrations of the same neuromodulator may have differential physiological effects that may be exerted through distinct populations of receptors with different affinities. Even conventional close apposition synapses can exert neuromodulatory actions if the postsynaptic membrane also contains metabotropic receptors to the primary fast transmitter or to cotransmitters. In addition, low-concentration modulatory tone, for example of GABA in the mammalian cortex, may result from spillover from close apposition synapses. Furthermore, neuromodulators can be released by glia cells.
Neuromodulators Are Not Necessarily Distinct from Chemicals Used for Other Types of Signaling
Biogenic amines and neuropeptides are often viewed as unambiguously modulatory, but classical small-molecule neurotransmitters like GABA and glutamate can also act as neuromodulators. Some unconventional signaling molecules like nitric oxide are modulatory. Furthermore, substances better known for their role in long-term regulatory processes, like the protein BDNF or the peptide oxytocin, can act at a faster timescale as neuromodulators. Ultimately, the effect of a signaling molecule depends on the receptors, the locus, and the dynamics at the target neuron.
Neuromodulators Act in a Variety of Ways
Neuromodulator receptors can be found in all neuronal compartments, influencing every aspect of neuronal computation, from synaptic integration to action potential initiation and propagation to presynaptic transmitter release. The two most common types of modulator actions are through ionotropic or metabotropic (G-protein-coupled) receptors. Ionotropic receptors in extrasynaptic membrane can directly change membrane potential and input resistance and therefore affect response properties or spontaneous activity. G-protein-coupled receptors often act through second messenger systems that activate kinases that phosphorylate ligand-or voltage-gated ion channels to change their gating properties. It should be noted that such effects cannot be simply viewed as increases or decreases in excitability but, rather, have complex consequences for the highly nonlinear dynamics of membrane properties and synapses. For example, neuromodulators may affect synaptic strength as well as the use-dependent change in synaptic strength, such as short-term depression of facilitation. In addition, modulators may affect multiple subcellular targets with opposing actions, e.g., activate both inward and outward currents at the same time. The functional consequences of such balanced modulation may then depend on the type of other inputs. Neuromodulators can also have effects on long-term regulatory mechanisms. Associative types of learning in several invertebrates have been shown to critically depend on amine modulation, as have both the expression and the sign of spike-timing-dependent long-term plasticity at mammalian cortical synapses.
All Neural Circuits Are Multiply Modulated and Activated Differentially through Diverging and Converging Neuromodulator Effects
All neurons express receptors to a range of different neuromodulators, and multiple modulators are likely to be present in any given tissue at any given time. In fact, basic circuit function in many cases likely depends on the presence of low-concentration "modulatory tone" and internal brain states directly depend on modulator function. If circuits can be activated or tuned by a broad range of neuromodulators, how then can different neuromodulators have distinct effects, resulting in specific network activity patterns? In some cases, the specificity of neuromodulator action is due to divergence at the network level. Even if different modulators have similar or identical actions at the single-neuron level, e.g., converging onto the same target ion channel, differential expression of receptors means that different modulators affect different subsets of neurons across the circuit. In other cases, specificity is due to divergent effects at the neuron level. Even if different modulators affect the same subset of neurons, the subcellular targets may differ. Additionally, the same modulator may have different channel targets in different neurons. In addition, the sign of the effect on the same subcellular target may differ across cell types.
Many Modulators Are Released as Cotransmitters
Many neurons contain multiple cotransmitters/modulators. For example, it is common for a neuron to release a fast-acting neurotransmitter and one or more amines or neuropeptides. In such cases, the neuron may elicit actions over a range of time and spatial scales. Interestingly, some of the same neuromodulators may be combined with different cotransmitters in different neurons in the same animal. We are far from understanding the computational consequences that result from activating neurons with multiple neuromodulators, as different mixtures of modulators may be released when the neuron is activated in different patterns of activity.
Conclusions
Neuromodulation allows flexible reconfiguration of hard-wired connectivity diagrams to adapt circuits to create a variety of behavioral states available to animals.
